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The temperature 4.2–90 K, ac magnetic field 1.25–50 Oe, frequency 5–125 Hz, and bias dc
magnetic field 0–10 kOe dependencies of the real and imaginary components of the ac magnetic
susceptibility, and the temperature 4.2–250 K and dc magnetic field 0.1–50 kOe dependencies
of the dc magnetic susceptibility and magnetization of a Dy0.5Er0.5Al2 single crystal have been
studied. Isothermal magnetization measurement in a dc magnetic field indicates that Dy0.5Er0.5Al2
orders ferromagnetically at 37 K. The ac and dc magnetic susceptibilities of Dy0.5Er0.5Al2 exhibit
a similar behavior in the paramagnetic region but quite different behaviors in the ferromagnetic
state. Both the real and imaginary components of the ac magnetic susceptibility are sensitive to the
applied ac magnetic field, the crystallographic direction, and the bias magnetic field, showing that
domain wall dynamics mainly account for the response to the ac magnetic field. The contributions
to the magnetization process arise from the magnetically ordered Dy and Er sublattices and depend
upon the single-ion anisotropy of the Dy and Er ions. © 2006 American Institute of Physics.
DOI: 10.1063/1.2234540
I. INTRODUCTION
The cubic Laves phases RAl2 intermetallic compounds,
where R is a 4f element, have been studied for more than
30 years and they still attract attention due to their interest-
ing magnetic properties. Surprising magnetic phenomena,
such as a zero net magnetic moment in the Sm1−xGdxAl2
ferromagnet,1 the anisotropic spin form factor for SmAl2,2
the magneto-optical properties of RAl2, where R=La, Ce,
and Pr,3 and the behavior of the real and imaginary compo-
nents of the ac magnetic susceptibility of RAl2, where R
=Dy, Er, and Gd,4 have stimulated studies of these materials.
The existence of magnetically ordered RAl2 compounds with
either a small or a large localized magnetic moment, ferro-
and antiferromagnetic interactions between different lan-
thanides R and R, and the possibility to grow high quality
R ,RAl2 single crystals make these materials convenient
for fundamental studies of some aspects of magnetism in
4f-electron metallic systems. Especially interesting are solid
solutions based on two binary ferromagnetic compounds
where the lanthanide ions initially have different exchange
interaction energies and single-ion anisotropies resulting in a
complex competition between them which affects both the
microscopic and macroscopic magnetic parameters such as
the easy magnetization direction EMD, magnetoelastic
coupling, and domain wall dynamics.
DyxEr1−xAl2 solid solutions based on the DyAl2 and
ErAl2 binary compounds crystallize in the cubic MgCu2-type
crystallographic structure. DyAl2 is a ferromagnet with a Cu-
rie temperature TC of 62 K and EMD is the 100 direction,5
while ErAl2 is a ferromagnet with TC=14 K and the 111
direction is the EMD.6 Hence, because Dy and Er ions are
statistically distributed in the lattice of the DyxEr1−xAl2 ma-
terial, they will create specific short- and long-range compe-
titions of contributions which will determine the EMD, and
one can expect complex magnetic field and temperature de-
pendencies of the magnetization of DyxEr1−xAl2 materials
when measured along different crystallographic directions in
dc and ac magnetic fields.
In addition to these scientific reasons for studying
Dy0.5Er0.5Al2 this alloy could be used for low-temperature
magnetic refrigeration7 and, therefore, detailed studies of this
material prepared from high purity components are important
for this potential utilization. The earlier reported heat capac-
ity data for the Dy0.5Er0.5Al2 polycrystalline sample
showed that it orders ferromagnetically below 38 K.7,8 The
ac magnetic susceptibility ac measured in a low ac magnetic
field 1.25 Oe, 125 Hz shows a narrow peak at 38 K
which splits into two peaks in a bias dc magnetic field of
Hdc2 kOe.8 Although the ac magnetic susceptibility is a
powerful tool for the study of magnetic materials,9,10 its in-
terpretation may not be a simple task because it can show a
similar behavior even for materials with quite different mag-
netic ground states. For instance, a similar peak of the ac
aAuthor to whom correspondence should be addressed; FAX: 515 294-
9579; electronic mail: cagey@ameslab.gov
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magnetic susceptibility can be in principle observed in anti-
ferromagnets AFMs, superparamagnets SPs, and spin-
glass SG systems.9–12 Furthermore, an ac magnetic suscep-
tibility peak can be observed in some ferromagnets, e.g., in
Ni–Cu,13 V–Fe,13 and Pd–Fe alloys.14 Although the behavior
of the ac magnetic susceptibility of ferromagnets below the
Curie temperature mainly is determined by the domain wall
movement, in some cases it can be mistaken with that ob-
served in the AFM, SG, and SP materials, where a similar
behavior related to the interaction between localized mag-
netic moments occurs.
Another intriguing phenomenon is the splitting of the ac
magnetic susceptibility peak by a bias dc magnetic field as
observed in some 3d-electron materials.15 The existence of a
“high-temperature” peak is explained by the contribution
from the initial susceptibility, while the “low-temperature”
peak is attributed to the appearance of a SG system. The
movement of the splitting peaks in the opposite directions
with increasing dc magnetic field was explained by the en-
hancement of ferromagnetism and the hindrance of the for-
mation of the SG phase by the bias dc magnetic field.15,16 A
similar splitting was also observed in the DyTi2Ga4,
ErTi2Ga4,17 and Dy0.5Er0.5Al2 Ref. 8 4f-electron
materials.
Furthermore, the ac magnetic susceptibility includes two
components—the real ac and the imaginary ac —but only
during the last 15 years have both components been studied
in detail for a few systems, e.g., metallic R2Fe14B,18
DyFe11Ti,
19
and Sm2Fe17,20 and the oxide Fe3O4.21 It is
known that both components of the ac magnetic susceptibil-
ity are determined mainly by the magnetocrystalline aniso-
tropy for example, see Refs. 19 and 20. Because ac in-
cludes contributions from both the domain wall movement
DWM and magnetization rotation, and ac reflects the en-
ergy losses during the magnetization process in the solid,
their temperature dependencies can be complex, particularly
in polycrystalline materials. Therefore, the understanding of
the behavior of the ac magnetic susceptibility of some 3d-,
4f-, and also 5f-electron materials is still unsatisfactory. Fur-
thermore, the ac magnetic susceptibility data presented in
most publications are shown only in arbitrary units and the
calculation of magnetic constants and their comparison with
those determined from dc magnetic susceptibility data usu-
ally is impossible. Hence, it is interesting to study and com-
pare the magnetic properties of various high quality single
crystalline materials measured in both ac and dc magnetic
fields.
In this paper we report on the temperature 4.2–90 K,
ac magnetic field 1.25–50 Oe, and bias dc magnetic field
0–10 kOe dependencies of the real and the imaginary
components of the ac magnetic susceptibility, and the tem-
perature 4.2–250 K and dc magnetic field 0.1–50 kOe
dependencies of the dc magnetic susceptibility dc and the
magnetization M of a high quality Dy0.5Er0.5Al2 single
crystal. The similarities and differences of the magnetic pa-
rameters measured in the alternating and direct magnetic
fields are discussed.
II. EXPERIMENTAL DETAILS
The Dy0.5Er0.5Al2 single crystal was grown using the
Bridgman technique. Stoichiometric quantities of aluminum
99.99+ at. % pure, and dysprosium and erbium both
99.8+ at. % pure, which were obtained from the Materials
Preparation Center, Ames Laboratory US-DOE,22 were first
arc melted together under argon gas. After the initial arc melt
the buttons were turned over and remelted. This procedure
was repeated four more times to increase the homogeneity of
the button. Several prepared buttons were then remelted and
drop cast into a water cooled copper mold to make one large
ingot for growing the single crystal. This ingot was placed in
an alumina crucible and heated under a vacuum of
10−4 Pa to 770 K to degas the ingot and crucible. The fur-
nace was backfilled with argon gas to a pressure of 2
105 Pa. Following pressurization, the heating was contin-
ued until the ingot reached a temperature approximately
200 K above the melting point of the alloy and held for 1 h
before crystal growth was initiated. A growth rate of approxi-
mately 5 mm/h was used to prepare the high quality single
crystals. The single crystal for this study was oriented by
using the backreflection Laue method.
FIG. 1. The temperature dependencies of the real component of the ac
magnetic susceptibility of the Dy0.5Er0.5Al2 single crystal measured in a
1.25 Oe ac magnetic field and various bias magnetic fields for the 100 a
and 111 b directions.
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For magnetic measurements the sample had the shape of
a cube 222 mm3 with a demagnetization factor of
1/3. Although the demagnetization factors along the 100
and 111 directions for a cube-shaped sample are different,
we estimate the difference to be 3%, which does not sig-
nificantly affect the results of the measurements.23 The dc
magnetization and the real and imaginary components of the
ac magnetic susceptibility were measured with the dc and ac
magnetic field vectors parallel to the 100 or 111 direction
using a Lake Shore, model 7225 magnetometer. The mea-
surements were made during heating in the temperature
range of 4.2–300 K, while the dc magnetic field was varied
from 0 to 50 kOe, the ac magnetic field from 1.25 to 25 Oe,
and the frequency from 5 to 125 Hz. The errors of the crys-
tallographic axis orientation with respect to the magnetic
field vector are 5%. The errors of the magnetic measure-
ments are less than 1%.4
III. EXPERIMENTAL RESULTS
A. The real and imaginary components of the ac
magnetic susceptibility
The real ac and imaginary ac components of the ac
magnetic susceptibility of a zero magnetic field cooled
Dy0.5Er0.5Al2 single crystal were measured in various ac
magnetic fields, and in zero and nonzero bias dc magnetic
fields. The temperature dependencies of ac measured in a
1.25 Oe ac magnetic field for the 100 and 111 directions
and various bias dc magnetic fields are shown in Fig. 1. In
zero dc magnetic field ac of Dy0.5Er0.5Al2 for the 100
direction displays a narrow nearly symmetrical peak at
36 K Fig. 1a. In the 2 kOe bias dc magnetic field the
main peak splits into two peaks: the “high” temperature peak
1 at 38 K and the “low” temperature peak 2 at 31 K. The
former is gradually shifted to higher temperatures and the
latter shifts slowly to lower temperatures with increasing dc
magnetic field. The temperature dependence of the inverse ac
magnetic susceptibility ac −1 follows the Curie-Weiss law
ac =Npeff
2 /3kT−p with the paramagnetic Curie tempera-
ture p=36 K and the effective magnetic moment peff
=10.46B, while the expected effective magnetic moment
for the equiatomic mixture of free Dy3+ and Er3+ ions is
10.12B. The imaginary component of the ac magnetic sus-
ceptibility has a small positive peak at 35 K and its mag-
nitude decreases with the bias magnetic field not shown
here similar to that observed for the DyAl2 and ErAl2
compounds.4
Unlike for the 100 direction, the position of peak 2 for
ac in the 111 direction in 1.25 Oe shows a strong depen-
dence on the bias dc magnetic field. It shifts to lower tem-
peratures with an increasing dc magnetic field from 33 K
in 2 kOe to 18 K in 10 kOe, Fig. 1b. The imaginary
component measured for the 111 direction is close to zero.
Note also that for the Dy0.5Er0.5Al2 single crystal the Curie-
Weiss law parameters, i.e., peff and p, are identical for both
the 100 and 111 directions see Table I.
The simultaneous influence of both the temperature and
bias magnetic field on the real component of the ac magnetic
susceptibility of the Dy0.5Er0.5Al2 single crystal for the
100 and 111 directions is shown in Fig. 2 as three dimen-
sional plots. Although the plots are slightly different because
of the anisotropy of the magnetization of the alloy, one can
clearly see that the bias dc magnetic field sharply freezes the
magnetic system making it unable to respond to a low ac
magnetic field in the ferromagnetic region for both directions
in relatively high dc fields.
The temperature dependencies of ac and ac of the
Dy0.5Er0.5Al2 single crystal measured for the 100 and
111 directions in a 25 Oe ac magnetic field 20 times larger
than that used for measurements presented in Fig. 1 are
shown in Fig. 3. In zero bias dc magnetic field ac for the
100 direction above 36 K see Fig. 3a exhibits the same
behavior above 36 K as measured in the 1.25 Oe magnetic
field see Fig. 1a. Hence, a larger ac magnetic field does
not affect the real component of the ac magnetic susceptibil-
ity of Dy0.5Er0.5Al2 above p. In contrast, ac below p is
sensitive to the magnitude of the ac magnetic field, i.e., the
peak is highly asymmetric. In bias dc magnetic field 1 kOe
ac measured in a 25 Oe ac magnetic field splits in two
peaks. Peak 1 is similar to that measured in the 1.25 Oe ac
magnetic field while peak 2 shows a considerably larger am-
plitude and shifts to lower temperature more rapidly with an
TABLE I. Magnetic parameters of the Dy0.5Er0.5Al2 single crystal determined in dc and ac magnetic fields.
Parameters Units
Parameters determined
From dc magnetization
From dc susceptibility in
a 100 Oe dc field
From ac susceptibility in
a 1.25 Oe ac field
Direction Direction Direction
100 111 100 111 100 111
Ms at 5 K extrapolated
to zero magnetic field
emu/g 192 205 ¯ ¯ ¯ ¯
s B 7.52 8.03 ¯ ¯ ¯ ¯
Hc at 5 K Oe 200 230 ¯ ¯ ¯ ¯
Mr at 5 K emu/g 9 9 ¯ ¯ ¯ ¯
TC K 37 37 ¯ ¯ ¯ ¯
p K ¯ ¯ 36 36 36 36
Susceptibility at TC emu/g Oe ¯ ¯ 0.041 0.040 0.042 0.036
peff B ¯ ¯ 10.25 10.25 10.46 10.46
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increasing dc magnetic field. A large change is also observed
for the imaginary component: in zero bias dc magnetic field
the positive ac peak below 36 K is large see the inset in
Fig. 3a, which is approximately seven times larger than
that measured in 1.25 Oe. Furthermore, the positive ac peak
is similar to the behavior of ac peak 2 in that the former
decreases with increasing bias dc magnetic field and shifts to
lower temperature.
The temperature and bias dc magnetic field dependen-
cies of the ac and ac components of the Dy0.5Er0.5Al2
single crystal for the 111 direction Fig. 3b are qualita-
tively similar to those for the 100 direction Fig. 3a but
their magnitudes are smaller by about 20% and ac becomes
close to zero in a 3 kOe bias dc magnetic field, while for the
100 direction it approaches zero in a 10 kOe bias dc mag-
netic field. The anisotropic behavior of the ac magnetic sus-
ceptibility measured in a 25 Oe ac field is about the same as
that observed in a 1.25 Oe ac magnetic field. The measure-
ment of the ac magnetic susceptibility in a 50 Oe ac mag-
netic field this measurement was made using an Oxford
MagLab 2000 magnetometer showed continuing changes of
ac and ac in line with those described above. Also note that
ac of Dy0.5Er0.5Al2 measured in zero and low bias dc mag-
netic fields, i.e., less than 3 kOe, shows a minimum at about
15 K. No such behavior was observed in either ErAl2 and
DyAl2.
4 Therefore, the real and imaginary components of the
ac magnetic susceptibility of the Dy0.5Er0.5Al2 single crys-
tal for the 100 and 111 directions show a strong depen-
dence on the temperature and the magnitude of both the ac
magnetic field and bias dc magnetic field.
B. Magnetization/magnetic susceptibility in dc
magnetic fields
The temperature dependencies of the magnetization of
the Dy0.5Er0.5Al2 single crystal for the 111 direction mea-
sured in a 20 kOe dc magnetic field and the inverse dc mag-
netic susceptibility dc−1 are presented in Fig. 4. The dc
magnetic susceptibility of Dy0.5Er0.5Al2 along the 111 di-
rection above 36 K follows the Curie-Weiss law with the
paramagnetic Curie temperature p=36 K and effective
magnetic moment peff=10.25B. The same p and peff were
observed for the 100 direction see Table I. The effective
magnetic moment is in good agreement with the expected
FIG. 2. Color online Three dimensional plots showing the simultaneous
influence of temperature and dc magnetic field on the real component of the
ac magnetic susceptibility of the Dy0.5Er0.5Al2 single crystal measured in a
1.25 Oe ac magnetic field for the 100 a and 111 b directions.
FIG. 3. The temperature dependencies of the real component of the ac
magnetic susceptibility of the Dy0.5Er0.5Al2 single crystal for the 100 a
and 111 b directions measured in 25 Oe ac magnetic field and various
bias dc magnetic fields. The insets show the temperature dependencies of the
imaginary component for the same magnetic fields and directions.
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peff=10.12B for the equiatomic mixture of free Dy3+ and
Er3+ ions. The value of TC in Dy0.5Er0.5Al2 is close to the
value of 38 K calculated from the average TC of DyAl2
62 K Ref. 5 and ErAl2 14 K Ref. 6 and is in excellent
agreement with earlier reported value determined from the
heat capacity measurements of a Dy0.5Er0.5Al2 polycrystal-
line sample.7,8
The magnetization of the Dy0.5Er0.5Al2 single crystal in
the 100 and 111 directions at various temperatures are
shown in Fig. 5 and is typical for ferromagnets with a non-
zero magnetocrystalline anisotropy. The 100 direction is
the EMD in dc magnetic fields at least below 2 kOe, which
is similar to that observed for a polycrystalline DyAl2
sample,4 and suggests that the magnetization of
Dy0.5Er0.5Al2 along this direction is determined mainly by
DWM Fig. 5a. The magnetization of Dy0.5Er0.5Al2
along the 111 direction Fig. 5b at temperatures below
30 K shows a complex behavior. Initially, the magnetiza-
tion increases with magnetic field as in a normal ferromag-
net, but then, with increasing dc magnetic field there is a
crossover of the magnetization curves from the 100 to
111 direction due to the rotation of the magnetization vec-
tor with increasing dc magnetic field.
The rotation of the magnetization vector in
Dy0.5Er0.5Al2 begins when it reaches a value of nMs, where
Ms is saturated magnetization of 200 emu/g and n=0.57,
i.e., close to a value of 0.53 which is typically observed for
ferromagnets with a cubic crystal structure.24 The saturated
magnetic moments s, per lanthanide atom for the 100 and
111 directions in the Dy0.5Er0.5Al2 single crystal at 5 K,
extrapolated to zero magnetic field, are 7.52B and 8.03B,
while s for DyAl2 is 9.89B Ref. 4 along the 100, and
for ErAl2 it is 7.9B Ref. 5 along the 111 direction. Dur-
ing increasing and decreasing of the magnetic field at 5 K
along the 111 direction between 0 and 20 kOe, the magne-
tization of Dy0.5Er0.5Al2 does not show a common behavior
see the inset of Fig. 5b. The magnetization during the
magnetizing process in the region of 5Hdc16 kOe is
larger than that observed during the demagnetizing process.
In a field of 5 kOe both magnetization curves show a cross-
over, and below 5 kOe the magnetization during the demag-
netizing process is larger than that observed during the mag-
netizing process. Hence, below 5 kOe the magnetizing-
demagnetizing process is typical for ferromagnets with a
nonzero remanence. The observed behavior of the magneti-
zation in the 5Hdc16 kOe region may be a result of two
processes: 1 domain walls are partially shifted back reduc-
ing the size of magnetic domains and/or 2 the vector of the
magnetization inside of the domains deviates from the direc-
tion of the external magnetic field reflecting a competition
between the magnetization of the two magnetic ions, Dy and
Er. The first process is more likely for a domain structure
with thin and mobile domain walls, which is typical for the
RAl2-based magnetic systems.25
Figure 6 shows temperature dependencies of the coerciv-
ity Hc and the remanent magnetization Mr of Dy0.5Er0.5Al2.
FIG. 4. The temperature dependencies of the dc magnetization and inverse
dc magnetic susceptibility of the Dy0.5Er0.5Al2 single crystal with applied
magnetic field parallel to the 111 direction.
FIG. 5. The magnetization curves for the Dy0.5Er0.5Al2 single crystal for
the a 100 and b 111 directions measured in a dc magnetic field at
various temperatures. The symbols vs temperature for both directions are
shown in a. The inset in b shows the crossover of magnetization for the
111 direction during increasing open symbols and reducing solid sym-
bols magnetic field.
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These parameters were determined from the magnetization
of the Dy0.5Er0.5Al2 single crystal along the 100 and 111
directions in dc magnetic fields changing between −20 and
+20 kOe at various temperatures. Both Hc and Mr have the
zero values at T36 K but they become nonzero and gradu-
ally increase as the temperature decreases. Below 15 K the
coercivity of Dy0.5Er0.5Al2 for the 100 and 111 direc-
tions becomes different. Note that below this temperature the
Er ions in the ErAl2 compound are ferromagnetically
ordered.6 Finally, both the coercivity and remanent magneti-
zation of Dy0.5Er0.5Al2 at 5 K i.e., Hc=200 and 230 Oe for
100 and 111 directions, respectively, and Mr=9 emu/g
for both directions are significantly larger than those ob-
served for DyAl2 and ErAl2 i.e., Hc=42 and 18 Oe and
Mr=4 and 1 emu/g, respectively.4
C. Temperature and magnetic field dependencies
of the ratio of the magnetizations in the †100‡
and †111‡ directions
It is well known that the anisotropy of magnetization,
particularly in single crystalline materials, mainly arises
from the magnetocrystalline anisotropy.24 Therefore, the be-
havior of the magnetocrystalline anisotropy in the
Dy0.5Er0.5Al2 single crystal where both lanthanide ions
have strong single-ion anisotropy can be qualitatively under-
stood by comparing the behavior of the magnetization along
both the 100 and 111 crystallographic directions.
Figure 7 shows the temperature and magnetic field de-
pendencies of the M100 /M111 ratio calculated from the iso-
thermal M100 and M111 magnetizations of the
Dy0.5Er0.5Al2 single crystal measured in various dc mag-
netic fields for the 100 and 111 directions, respectively.
The temperature dependencies of M100 /M111 for
Dy0.5Er0.5Al2 at various applied dc magnetic fields are
shown in Fig. 7a. As one can see the 100 direction at 5 K
in 2Hdc22 kOe is the EMD and the M100 /M111 ratio
exhibits a peak which is dependent on the magnetic field.
This temperature decreases from 30 to 15 K in magnetic
fields of 2 and 6 kOe, respectively, and then remains nearly
constant with increasing magnetic field up to 22 kOe. Simul-
taneously, for Hdc22 kOe the M100 /M111 ratio decreases
with increasing magnetic field at all temperatures below
36 K. At 5 K the ratio changes sign showing that the 111
direction becomes the EMD for Hdc22 kOe. However, if
the temperature increases, the 100 direction becomes the
EMD again. The temperatures of this transformation depends
on the applied dc magnetic field and changes from 7 K at
22 kOe to 18 K at 38 kOe, reflecting the temperature in-
duced magnetic field dependent spin-reorientation effect.
The isothermal magnetic field dependencies of the
M100 /M111 ratio calculated from the isothermal magneti-
zations of the Dy0.5Er0.5Al2 single crystal measured in ap-
plied magnetic fields ranging from −50 to +50 kOe along
both the M100 and M111 directions are presented in Fig.
7b. At temperatures 19 K, the EMD changes direction
twice reflecting the competition between the different contri-
butions to the magnetocrystalline anisotropy of
Dy0.5Er0.5Al2. At 5 K the EMD of Dy0.5Er0.5Al2 is the
111 direction in applied magnetic fields larger than
FIG. 6. The temperature dependencies of the coercivity Hc and remanent
magnetization Mr of the Dy0.5Er0.5Al2 single crystal for the 100 and 111
directions.
FIG. 7. The isofield temperature a and isothermal magnetic field b de-
pendencies of the M100 /M111 magnetization ratio for the Dy0.5Er0.5Al2
single crystal.
043902-6 Levin et al. J. Appl. Phys. 100, 043902 2006
Downloaded 24 Sep 2013 to 129.186.176.91. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
20 kOe and the 100 direction for Hdc between −20 and
+20 kOe. At 13 K the EMD is aligned with the 111 direc-
tion in magnetic fields less than 1 kOe and greater than
27 kOe while between 1Hdc27 kOe it is aligned
with the 100 direction. At 29 K and above, the EMD is the
100 direction regardless of the strength of the applied mag-
netic fields.
Hence, the behavior of the M100 /M111 ratio in
Dy0.5Er0.5Al2 reflects a high sensitivity to the orientation of
total magnetic moment to both the temperature and applied
magnetic field. It appears that magnetic moments of Dy and
Er ions in ferromagnetic Dy0.5Er0.5Al2 are oriented, respec-
tively, in the same directions as in the binary DyAl2 and
ErAl2 compounds see above.5,6 Hence, the main reason for
the magnetocrystalline anisotropy in Dy0.5Er0.5Al2 is the
single-ion anisotropy due to the nonspherical wave functions
of the Dy and Er ions and their interaction with their nearest
neighbors. The temperature and magnetic field dependencies
of the magnetocrystalline anisotropy in Dy0.5Er0.5Al2 are
determined by the competition between different orientations
of the magnetic moments in the Dy and Er sublattices. The
preferred orientation of the Dy and Er magnetic moments in
the Dy0.5Er0.5Al2 lattice can be changed by the applied
magnetic field. The high sensitivity of the local interactions
between the lanthanide ions and the neighboring Al ions to
temperature and applied magnetic field results in a complex
behavior of the M100 /M111 ratio see Figs. 7a and 7b.
IV. DISCUSSION
The magnetic properties of the ferromagnetic
Dy0.5Er0.5Al2 single crystal in the ac and dc magnetic fields
show a similar behavior above the Curie temperature and
quite different below. The magnetic susceptibility measured
in both the dc and ac magnetic fields follows the Curie-Weiss
law with nearly identical parameters reflecting magnetically
disordered states of both Dy and Er ions above TC see Table
I. Below TC the magnetization measured in the dc magnetic
field is typical for a ferromagnet with nonzero magnetocrys-
talline anisotropy, while the real component of the ac mag-
netic susceptibility reflects the “freezing” of a total magnetic
moment showing a sharp peak around TC. Similar ac mag-
netic susceptibility peaks as noted above were also observed
in antiferromagnets, superparamagnets, and spin glasses,
however, the nature of peaks in all these materials is deter-
mined by quite different physical phenomena.
The main difference between the behavior of the mag-
netic susceptibility measured in a dc or ac magnetic field is
its behavior below the Curie temperature determined by the
domain wall movement.20,21 Therefore, the interpretation of
the ac magnetic susceptibility in ferromagnetic materials is
not a simple problem4,16,17 because it mainly reflects the os-
cillation of domain walls under the influence of the ac mag-
netic field and the existence of various additional magnetic
phenomena, e.g., the magnetic viscosity and after effect.24 A
comparison of the magnetic susceptibility measured in both
the ac and dc magnetic fields shows that the temperature
dependence of the ac measured in zero bias dc magnetic
field below TC is reflected by the behavior of the coercivity,
which supports the conclusion of Kou et al.19 that the real
component of the ac magnetic susceptibility is mainly deter-
mined by the temperature dependence of the magnetocrystal-
line anisotropy. Hence, the ac magnetic susceptibility ad-
equately shows that in the ferromagnetic state with nonzero
coercivity the domain structure has lost the ability to respond
to the low applied ac magnetic field particularly in bias dc
magnetic fields. As one can see in Fig. 1b, the real compo-
nent of the ac magnetic susceptibility of a ferromagnet such
as Dy0.5Er0.5Al2 displays a narrow peak when it is mea-
sured in a low ac magnetic field. Note that a bias dc magnetic
field drastically lowers and splits this peak into two peaks.
The magnetic field dependencies of magnetization
clearly show that Dy0.5Er0.5Al2 is a ferromagnet with TC
36 K. Hence, the observed peak of the temperature depen-
dence of the ac magnetic susceptibility of Dy0.5Er0.5Al2 is
determined by the Langevin paramagnetism at high tempera-
tures and by a decreasing response of the magnetic system
due the continuous freezing of the magnetic domains at low
temperatures.
The existence of the two ac peaks in a bias dc magnetic
field is determined by the presence of two different contribu-
tions. The high-temperature ac peak, i.e., peak 1, reflects the
initial susceptibility and its decrease with an increase of the
bias dc magnetic field occurs because it becomes more dif-
ficult for the low ac magnetic field to reorient the localized
magnetic moment already oriented by the high dc magnetic
field. The shifting of peak 1 to a higher temperature with
increasing dc magnetic field is determined by the relation
B /T	+
, where B is the dc bias magnetic field and 	 and 

are the critical exponents of the magnetic order↔ disordered
transition.26,27
The low-temperature ac peak, i.e., peak 2, may be
caused by either the temperature induced spin reorientation
or by domain wall movement, or both. In general, the tem-
perature induced change of orientation of the magnetically
ordered localized magnetic moment, the so-called spin reori-
entation, is the result of the interplay of crystal field and
magnetic exchange28 and has been observed in various
lanthanide-based intermetallic compounds. In Dy0.5Er0.5Al2
it should be related to the different orientations of the Dy and
Er magnetic moments. However, if the ac peak 2 is deter-
mined by the spin reorientation of the 100 localized mag-
netic moment to the 111 direction, its amplitude when the
ac magnetic field is increased from 1.25 to 25 Oe must be
the same value as ac peak 1, which is recognized as the
initial susceptibility. The large increase of the amplitude of
the ac peak 2 with increasing ac field, its small difference
for both crystallographic directions of Dy0.5Er0.5Al2, and
the fact that the temperature of the ac peak 2 is not low
enough for spin-reorientation processes see Figs. 3 and 5
indicate that the main reason for occurrence of this peak is
the contribution from domain wall movement. Therefore, the
low-temperature ac peak 2 observed in Dy0.5Er0.5Al2 is
similar to those observed for the DyTi2Ga4 and ErTi2Ga4
compounds17 and is due to the ac magnetic field activated
domain wall movement.
The imaginary component of the ac magnetic suscepti-
bility usually shows the energy losses the absorption of en-
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ergy by the material during magnetization of a material in
an ac magnetic field. In paramagnetic and ferromagnetic ma-
terials above the Curie temperature ac is always positive and
close to zero.18–21 In ferromagnetic materials, the increase in
ac below TC is mainly caused by domain wall motion.
19
When a low ac magnetic field is applied parallel to the EMD,
the main contribution to the ac magnetic susceptibility is due
to the domain wall movement and energy losses will be en-
countered and ac shows a nonzero value. When a low ac
magnetic field is applied parallel to the hard magnetic direc-
tion HMD, the contribution to the ac magnetic susceptibil-
ity from the rotation of the magnetic moments appears and
the energy loss will be very small.19 Hence, the magnitude of
ac measured along the HMD will be less than that measured
along the EMD.
The observed positive ac in the 100 EMD in the
Dy0.5Er0.5Al2 single crystal below TC measured in a
1.25 Oe ac magnetic field is consistent with an energy loss
process in anisotropic ferromagnets due to domain wall
movement.19,20 The sharp increase of the ac peak of
Dy0.5Er0.5Al2 measured in a 25 Oe ac magnetic field re-
flects the increased energy absorption by oscillating domain
walls excited by a large ac magnetic field. Note that ac has
a large positive magnitude along both crystallographic direc-
tions. However, the magnitude of ac is less for the 111
direction compared to that for the 100 direction, and it
decays faster with increasing bias dc magnetic field see in-
sets of Fig. 3. Also note that the temperature of the ac peak
for the 111 direction is practically independent of the bias
dc magnetic field while for the 100 direction the peak tem-
perature decreases with increasing field.
Hence, for some ferromagnetic systems ac will show a
sharp increase of the absorbed energy due to DWM when the
magnitude of the ac magnetic field is increased. This has
been shown above for single crystal ferromagnetic
Dy0.5Er0.5Al2 and also in Ref. 4 for polycrystalline ferro-
magnetic DyAl2 and ErAl2. Therefore, the dependence of the
imaginary component of the ac magnetic susceptibility on
the ac magnetic field magnitude, as observed in
Dy0.5Er0.5Al2, can be used as an effective experimental
method to distinguish hysteretic ferromagnets from antifero-
magnetic and spin-glass materials, all of which show a large
positive peak in the real component of the ac magnetic
susceptibility.
V. CONCLUSIONS
The compound Dy0.5Er0.5Al2 is a ferromagnet below
37 K with a strong temperature and magnetic field depen-
dent magnetocrystalline anisotropies. The Curie temperature
of 37 K and, therefore, the total exchange interaction energy
are determined by a superposition of both the Dy–Dy and
Er–Er interactions. The easy magnetization direction changes
from the 100 direction, just below the Curie temperature, to
the 111 direction at lower temperatures. This indicates that
the Dy ions mainly determine the magnetization at high tem-
peratures, while Er ions dominate at low temperatures. The
application of a dc magnetic field shifts this spin-
reorientation transformation to higher temperatures. The
temperature dependence of the real component of the ac
magnetic susceptibility shows a narrow positive peak at the
Curie temperature.
The narrow peak of the real component of the ac mag-
netic susceptibility in Dy0.5Er0.5Al2 is associated with the
temperature dependence of the coercive fields and with the
domain wall dynamics excited by the ac magnetic field in a
ferromagnet with a strong temperature dependent magneto-
crystalline anisotropy. Above the Curie temperature measure-
ments made in the ac and dc magnetic fields give similar
results, while below TC large differences are observed due to
the different behaviors of the domain walls of Dy0.5Er0.5Al2
in alternating and direct magnetic fields.
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